Tissue engineering can potentially recreate in vivo cellular microenvironments in vitro for an array of applications such as biological inquiry and drug discovery. However, the majority of current in vitro systems still neglect many biological, chemical, and mechanical cues that are known to impact cellular functions such as proliferation, migration, and differentiation. To address this gap, we have developed a novel microfluidic device that precisely controls the spatial and temporal interactions between adjacent three-dimensional cellular environments. The device consists of four interconnected microtissue compartments (~0.1 mm 3 ) arranged in a square. The top and bottom pairs of compartments can be sequentially loaded with discrete cellularized hydrogels creating the opportunity to investigate homotypic (left to right or x-direction) and heterotypic (top to bottom or y-direction) cell-cell communication. A controlled hydrostatic pressure difference across the tissue compartments in both x and y direction induces interstitial flow and modulates communication via soluble factors. To validate the biological significance of this novel platform, we examined the role of stromal cells in the process of vasculogenesis. Our device confirms previous observations that soluble mediators derived from normal human lung fibroblasts (NHLFs) are necessary to form a vascular network derived from endothelial colony forming cell-derived endothelial cells (ECFCECs). We conclude that this platform could be used to study important physiological and pathological processes that rely on homotypic and heterotypic cell-cell communication.
Introduction
Our vast understanding of cellular function has been largely gleaned from monotypic cell culture in 2D. This approach, however, neglects many biological, chemical, mechanical, and geometrical cues within the in vivo microenvironment that are known to impact important cellular functions such as proliferation, migration, and differentiation.
Embedding cells within an extracellular matrix (ECM) -naturally-derived or synthetic -is a common technique to mimic the 3D microenvironment. These 3D methods can create an ECM with tunable parameters to specifically control matrix density, stiffness, density of binding domains, and protein composition. Culturing cells in 3D environments not only serves to better recapitulate spatially the in vivo environment but also provides important biomechanical cues. As a result, cells employ alternate signaling pathways when cultured in 3D, [1] [2] [3] [4] which in turn affects cellular phenotype, growth, and migration. [5] [6] [7] This approach has made important contributions to our understanding of tumor development, capillary morphogenesis, among other cellular activities.
In addition to being 3D, the microenvironment of most tissues is characterized by a heterogeneous cell population. Cells do not live in isolation, but rather interact with neighboring cells of the same (homotypic) or different (heterotypic) type. The interaction can be either through direct cell-cell contact or through the secretion of soluble mediators (paracrine signaling). For example, capillary morphogenesis and liver function strongly depend on heterotypic communication between endothelial cells, hepatocytes, and neighboring stromal cells. [8] [9] [10] [11] [12] [13] [14] [15] Tumor cell progression also depends strongly on heterotypic cell-cell interaction with surrounding "normal" cells such as the fibroblast and infiltrating immune cells. [16] [17] [18] [19] [20] Biomechanical forces in the cellular microenvironment, such as interstitial flow, can also modulate cellular behavior. Interstitial flow not only directly influences cell function by engaging mechanosensors on the cell surface through both normal and shear stress, it can also impact extracellular gradients of soluble mediators and enhances transport of nutrients and waste, which can indirectly impact cellular processes. [21] [22] [23] Physiological interstitial flow has been shown to be in the range of 0.1-2 μm s −1 ; 24 however, supra-and sub-physiological flow in vitro (0.01-100 μm s −1 ) can drive vascular network formation in disease states such as cancer. 25, 26 Current in vitro systems do not simultaneously employ and control heterotypic and homotypic cellular communication, and interstitial fluid forces. In this research, we have the spatial and temporal interactions between adjacent heterotypic and homotypic cellular environments. The communication ports, a special feature of the device, have been specifically designed to control the loading of two discrete, but interconnected, 3D cell-containing hydrogels. In addition, hydrostatic pressure forces across the 3D tissues create interstitial flow that controls endogenous and/or exogenous soluble factor concentration and spatial gradients. We demonstrate the utility of his platform to control heterotypic cellular communication in vasculogenesis, and anticipate that this platform could be used to study other important physiological and pathological processes (e.g. tumor progression).
Materials and methods

Cell culture
Human endothelial colony forming cell-derived -endothelial cells (ECFC-ECs) were derived from cord blood as previously described by our lab 27 and expanded on 1% gelatin-coated flasks in endothelial growth medium-2 (EGM-2; Lonza, Wakersfield, MD). ECFC-ECs were use at passages 4-6 during the experiments. Commercially available normal lung human fibroblasts (NHLFs; Lonza) were grown in fibroblast growth media (FGM-2; Lonza) and used at passages 5-7. For NHLFconditioned media experiments, FGM-2 media was removed the day before and replaced with EGM-2 media overnight. On experiment day, the conditioned media was collected and filtered of any cellular debris. All cells were cultured in a humidified incubator at 37°C, 5% CO 2 , and 20% O 2 prior to introduction in the 4-chambered microfluidic device.
Lentiviral transduction of NHLFs to constitutively express fluorescence
To study the invasiveness of NHLFs, we transduced the cells with a titer of a lentiviral vector produced in HEK293T cells.
To prepare the vector, HEK293T cells were cultivated in a 6-well plate at a concentration of 5.0 × 10 5 cells per well in DMEM containing 10% fetal bovine serum (FBS) and depleted of sodium pyruvate (NaP). The cells were allowed to incubate for 24 hours at 37°C with humidified air containing 5% CO 2 . Following the incubation period, a solution containing 250 μL of Opti-MEM (Invitrogen) and 6 μg of plasmid DNA (1.5 μg pLVX-mCherry-C1, Clontech, Mountain View, CA, 0.75 μg pMDLg/pPRE, Addgene, Cambridge, MA, 0.3 μg pRSV-Rev, Addgene, Cambridge, MA, and 0.45 μg pMD2.G; Addgene, Cambridge, MA ), and a solution of 7.5 μL of Lipofectamine 2000 (Invitrogen) and 250 μL of Opti-MEM were prepared. Both solutions were mixed together and incubated at room temperature for 25 minutes. 500 μl was added drop-wise to each well containing HEK293T cells. After 24 hours, the content of each well was replaced with fresh DMEM. After 48 hours, the supernatant containing the virus was collected, purified via centrifugation, and stored at −80°C for further use. A T-75 flask containing roughly 50% confluent NHLFs was incubated overnight with a mixture of 2 mL of the viral titer, 6 μL of 10 mg mL −1 polybrene (Milipore, Billerica, MA), and 8 mL of DMEM. The resulting transduction efficiency was measured to be greater than 90%.
Microfluidic device design and fabrication
The microfluidic device design consists of two discrete rows (a top row and a bottom row) of tissue channels (Fig. 1B) . Each row contains two daisy-chained chambers (1 mm × 1 mm × 0.1 mm = 0.1 mm 3 ) connected in series through one pore measuring 30 μm wide and 100 μm high. The two rows of tissue channels were loaded separately with cell-containing hydrogels resulting in a pair of daisy-chained chambers containing an identical cellular composition. Thus, if only one cell type was present in a row, communication between the chambers would be homotypic. In turn, the two tissue chambers in the top row were connected to the corresponding chamber in the bottom row through 2 pores measuring 30 μm wide and 100 μm high. The micropores were specifically designed to mimic a capillary burst valve, 25, 26, 28 which aids in the patterning of each row with a hydrogel sequentially within the device; that is, the top row can be loaded first, followed by the loading of the bottom row (Fig. 1C) . In this fashion, the cellular composition of the bottom row can be different than the top row resulting in heterotypic cell-cell communication. In addition, either side of the 4-chambered region that houses the 3D cellular microenvironments was connected to fluid-filled microchannels via two pores using the same geometry of the previously described capillary burst valve (Fig. 1B) . The pressure, flow, and composition of each microfluidic channel were controlled independently to provide a dynamic supply of media to the microtissue chambers by diffusion and convection. Standard soft lithography and replica molding processes were utilized to fabricate the 4-chambered microfluidic device. In brief, a master mold was created via ultraviolet patterning of a 100 μm thick photoresist, SU-8 (MicroChem, Newton, MA), on a silicon wafer. A polydimethylsiloxane (PDMS; Dow Corning, Elizabethtown, KY) mixture composed of 10 : 1 Ĳw/w) base to curing agent was poured over the master mold and thermally cured at 65°C overnight. Once fully cured, the PDMS was cut and peeled off the mold; leaving a negative imprint of the 4-chambered design. Inlet and outlet holes were punched in the PDMS piece to allow for extracellular matrix (ECM) and cell culture media injection. All debri was removed from the PDMS piece, followed by oxygen plasma treatment for 3.5 minutes at 250 mTorr. A 500-750 μm thick PDMS sheet and a 130-170 μm thick glass coverslip (Thermo Fisher Scientific, Waltham, MA) were simultaneously plasma treated and covalently bonded to the PDMS piece to seal the channels of the PDMS device and provide mechanical support, respectively. The completed device was then baked at 120°C for a few minutes to invert the hydrophilic properties acquired during the plasma treatment process. Finally, the device was autoclaved at 120°C to sterilize and prepare the device for the experiment.
Cell loading in microfluidic device
For tissue preparation, cells were trypsinized and resuspended in 10 mg ml −1 bovine fibrinogen (Sigma-Aldrich, St. Louis, MO) dissolved in 1× Dulbecco's Phosphate Buffered Saline (DPBS; Gibco). Four different cellular conditions were mixed with the fibrinogen solution at a final concentration of 2.5 × 10 6 ECFC-ECs per mL and 5.0 × 10 6 NHLFs per mL.
Thrombin (Sigma-Aldrich) was added to the cell-fibrinogen mixture to a final concentration of 3 U mL −1 to begin the gel polymerization process, and the solution was pipetted quickly into the tissue compartments of the PDMS device. Each one of the two tissue compartments was carefully loaded in a sequential order creating two identical tissue compartments on the top row of the device, and two identical tissue compartments on the bottom row. The device was then incubated at 37°C for 1 h to finalize the fibrin polymerization. EGM-2 media or NHLF conditioned media was then pipetted into the microfluidic lines adjacent to each of the tissue compartments. The volume of each pipette tip was adjusted to create the desired pressure gradient across the tissue, and the microfluidic platform was placed in a 20% O 2 incubator for 7 days. Media volumes were adjusted every 24 h to maintain a nearly constant pressure head (gradient) for the duration of the experiment.
Finite element simulation
The experimental fluid flow and pressures were simulated using COMSOL Multiphysics® 3.5a (Burlington, MA). A computer-aided design (CAD) model of the 4-chambered microfluidic device was constructed and solved using a 2D steady state solution of the incompressible Navier-Stokes equation. All surfaces, except the inlet and outlet, were assumed to have a no-slip boundary condition. Other initial conditions specified in the simulation were: dynamic viscosity of water, 0.748 mPa s; density of water, 1 kg m −3 ; porosity of fibrin gel, 0.99; and permeability of fibrin gel, 1.5 × 10 −13 m 2 , consistent with our previous work. 25, 26, 29 The resulting pressure and velocity field simulations were used to design the magnitude and pattern of convection and diffusion in the microfluidic device.
Verification of mass transport
Fluorescent recovery after photobleaching (FRAP) was used to measure experimentally the flow across the fibrin gel using a modified protocol. 30, 31 Both tissue compartments of the 4-chambered microfluidic device were loaded with a 10 mg ml −1 fibrin gel in the absence of cells. FITC-dextran (70 kDa, Sigma-Aldrich) was added to the adjacent fluidic lines via pipette tips. Volumes of the FITC-dextran containing solution were then readjusted to achieve two distinct interstitial flow profiles modeled in COMSOL. FRAP was then performed on the device at the junctions connecting each tissue chamber using a confocal microscope (Zeiss LSM 700, Carl Zeiss AG, Feldbach, Switzerland). A circular region of 30 μm was bleached, and images were taken every half a second for a total of 30 seconds. The location of the centroid of the bleached spot depends only on convection (i.e., is independent of random Brownian motion or diffusion); thus, the distance traveled by the centroid in a given time was to calculate the convective velocity of fluid flow in the device.
Assessment of vessel network formation
After 7 days of culture, vessel networks formed in the microtissues were immunofluorescently labeled using a modified staining protocol. 26, 27 The microtissues were initially fixed in 10% formalin that was introduced through the adjacent microfluidic channels for 18 h. The staining process consisted of exposing the microtissues to mouse anti-human CD31 (a surface marker of endothelial cells) antibody (Dako, Carpinteria, CA) for 1-2 days, followed by Alexa-Flour 488-conjugated goat anti-mouse IgG (Invitrogen, Grand Island, NY) for an additional 1-2 days. Images of the stained microvessels were taken using an inverted fluorescence microscope (Olympus IX83, Central Valley, PA). Vessels staining positive for CD31 were analyzed using AngioTool, 32 a software for quantitative assessment of vessel networks. A previously defined index of network connectedness was calculated using results from the AngioTool analysis. 26 Using this index, values approaching 0 indicate a well-connected network.
Experimental design
The experimental design is summarized in Fig. 2 . To create a longitudinal interstitial flow pattern Ĳx-direction), the design of the fluid-filled microchannels employs a serpentine configuration, which offers an increased resistance to media flow between the 2 pore connections to manipulate the pressure across the tissue chamber, and thus the mass transport within the 4-chambered region. In this configuration, the pattern of the media flow is across the tissue chambers in series, by having high pressure on the left side of the tissue chamber and low pressure on the right side. The transverse interstitial flow configuration Ĳy-direction) is set up to allow media flow across the tissue chambers in parallel to span from the top tissue chamber (Fig. 2 -green channel) up to the bottom tissue chamber (Fig. 2 -blue channel) , by having a high pressure on the top side and a low pressure on the bottom side.
To examine the impact of heterotypic cell-cell communication on vasculogenesis, we tested four different conditions (Fig. 2) .
Statistical analysis
Statistical analysis was performed using one-way analysis of variance (ANOVA) with StatPlus (AnalystSoft Software). Posthoc comparisons between groups were made with the Tukey test for multiple comparisons. All data are presented as the mean ± standard deviation. Results were considered statistically significant for p < 0.05.
Results
Microfluidic device
Two distinct fibrin gels (TRITC and FITC labeled) can be loaded in the top and bottom row sequentially (Fig. 3A) . The result is a continuous 3D environment between the two tissue compartments on the top and bottom rows. To simulate a transverse (top to bottom or y-axis) interstitial convective flow pattern, a ΔP of 20 mm H 2 O was applied from position α to position β, as well as α′ to β′ (Fig. 3B) . Here the pressure within the top and bottom microfluidic lines is constant at a high and low pressure, respectively. The pressure within the microtissue chambers decreases in the transverse direction (Fig. 3B ) resulting in flow that is predominantly in the Fig. 2 Cellular seeding pattern and interstitial flow experimental conditions. The microfluidic device is amenable to diverse experimental culturing conditions due to the inherent ability to control the cellular composition within each tissue compartment (green and blue channels) and the communication between the compartments through the regulation of interstitial flow direction. For the purpose of validating the device, this study examined the role of stromal cells in vessel network formation; therefore, ECFC-ECs were 1) co-cultured within the same tissue chamber with NHLFs, 2) co-cultured in the adjacent tissue chamber separately connected to NHLFs, 3) cultured in the absence of NHLFs, or 4) cultured in the presence of NHLF preconditioned media only. Two types of cellular communications are possible: heterotypic and homotypic cell-cell communication. Heterotypic cellular communication between the two discrete compartments in parallel (green and blue channels) can be achieved by adjusting the volumes of the pipette tips to obtain an interstitial flow pattern in the transverse direction (y-axis). Similarly, a homotypic cellular communication between the two diamond-shaped compartments in series (green only or blue only channels) can be achieved by adjusting the volumes of the pipette tips to obtain an interstitial flow pattern in the longitudinal direction (x-axis).
Lab on a Chip Paper (Fig. 3C) . The simulated fluid velocity in the pore region reached a maximum value of~190 μm s −1 and an average value of 100 μm s −1 over a 200 μm distance from the center of the pore (Fig. 3D) . The minimal convective flow and diffusion limited by the narrow pores linking the chambers in each row significantly limits the mass transfer of soluble factors in the longitudinal direction. As a result, there is no appreciable communication between the chambers in the longitudinal direction (Fig. S1C †) .
Alternatively, to simulate a longitudinal interstitial flow pattern, a ΔP of 20 mm H 2 O was applied from α to α′, as well as β to β′ (Fig. 3E) . A decrease in pressure is observed within the microfluidic lines moving left to right resulting in a decrease in the pressure within the microtissue chambers from the left column to right column. The simulated streamlines (Fig. 3F) demonstrate that flow is predominantly in the longitudinal direction (left to right or along the x-axis) as flow enters from the microfluidic line into the left chamber, flows left to right into the right chamber and then exits into the microfluidic line. There is no appreciable communication between the parallel (top to bottom or y-axis) chambers (Fig.  S1F †) . It is important to note that the design of the two discrete tissue channels includes a region where the area is reduced to 30 μm. This geometrical configuration accelerates the interstitial fluid between the two chambers in series in order to conserve mass for an incompressible fluid. The simulated fluid velocity in the pore region reached a maximum value of~40 μm s −1 and an average value of 25 μm s −1 over a 200 μm distance from the center of the pore (Fig. 3G) . Fluorescence recovery after photobleaching (FRAP) has been widely used to study the mobility of macromolecules in various medias and tissues. 30, 33 Using this technique, we surveyed two regions of the device to validate our simulation of flow: 1) the tapering pore between the tissue chambers in series (in the same row), and 2) the connecting pore between the top and bottom tissue chambers in parallel (in the same column) (Fig. 4) . These two regions represent the most extreme interstitial flow velocities. After generating a pressure gradient of 20 mm H 2 O in the longitudinal direction (P α − P α′ = P β − P β′ = 20 mm H 2 O) of flow, the fluid flow velocity within the fibrin gel was 69 μm s −1 in the longitudinal direction within the region connecting the top row of microtissue chambers (Fig. 4A) while it was negligible in the region between the chambers in parallel (<0.1 μm s −1 ). Notably, the minor recovery of the bleached spot in these experiments also occurs due to diffusive transport of the molecules. Therefore, the centroid of the bleached spot, which is not affected by diffusion, was used to calculate the convective velocity. Alternatively, when a transverse pressure gradient was applied (P α − P β = P α′ − P β′ = 20 mm H 2 O), the fluid flow velocity within the fibrin gel was 8 μm s −1 at the pore between the chambers in parallel (Fig. 4B) , while it was negligible (<0.1 μm s −1 ) in the pore region between the two chambers in series. Small differences between experimental and theoretical fluid flow velocity values may be attributed to parameter values used in the simulation.
Vasculogenesis and inter-chamber communication
To show the versatility of our platform we manipulated interstitial flow to investigate the effect of heterotypic cell-cell communication on the process of vasculogenesis. It is known that interstitial flow can stimulate vasculogenesis and influence vessel formation through the redistribution of cellsecreted morphogens. 22 To this end, we examined four different cellular patterning conditions to investigate the role of stromal cell-derived soluble mediators in the morphogenesis of microvessel networks. In devices where the bottom tissue compartment contained both ECFC-ECs and NHLFs (condition 1; Fig. 5A and B) , a robust and interconnected network of vessels (Fig. 5J-K) formed in a similar fashion for both interstitial flow conditions tested (i.e., connectedness value of 0.64 ± 0.34 in longitudinal flow and 0.49 ± 0.25 in transverse flow). In devices where ECFC-ECs were seeded alone, non-continuous vascular structures were observed when exposed to the longitudinal flow condition (connectedness value of 14.08 ± 9.43 for Fig. 5C ). However, as the interstitial flow condition was adjusted to allow for ECFC-EC exposure to soluble factors originating from the NHLFs or conditioned media (i.e., transverse flow), an interconnected network was restored (i.e., connectedness value of 1.41 ± 0.47 for condition 3 and 1.20 ± 0.69 for condition 4; Fig. 5E and G) . In other words, significant vessel networks (by three indices, Fig. 5I-K) in the lower right chamber formed only in the conditions in which soluble mediators from the NHLFs were transported to the ECFC-ECs either by diffusion in close approximation within the same chamber ( Fig. 5A and B) or convection of interstitial flow from an adjacent compartment (Fig. 5E and G) . mCherry fluorescence signal, originating from the NHLFs, was undetected in the ECFC-EC containing tissue compartments; verifying that no migratory effects played a role in these observations within the time course of the experiments (Fig. S2 †) .
Discussion
One of the goals of tissue engineering is the creation of in vitro tissue constructs that can recapitulate important features of the in vivo microenvironment. In this study, we have developed a novel microfluidic device, which simultaneously employs and controls heterotypic and homotypic cellular communication, and interstitial fluid forces. For this particular application, we have controlled the spatial arrangement of 3D fibrin gels containing mixed populations of endothelial and stromal cells. In addition, through simple hydrostatic pressure manipulations, we control the interstitial flow direction and thus paracrine signaling between adjacent and distinct cellular microenvironments. Using vessel network formation from heterotypic interactions between endothelial and stomal cells, we demonstrate the biological relevance of the platform. The novelty of this device lies in the ability to precisely control the initial spatial and temporal interactions between adjacent heterotypic and homotypic cellular environments. Traditionally, Boyden chambers have been used to examine heterocellular interactions between cells, but most of these studies involve 2D culture conditions. 34 However, recent studies have modified the Boyden chamber assay to incorporate 3D microenvironments. 35 These systems are generally easy to use, but still do not allow fine spatial and temporal control of cells and matrix in 3D. Our platform can simply and reliably accommodate two adjacent 3D cell-containing hydrogels by taking advantage of capillary burst valves. 28 These two compartments are loaded independently, which provides the ability to culture one gel in isolation over a period of time prior to introducing the secondary tissue compartment of interest, as needed. Even though physiological interstitial velocities are relatively low in vivo, 24 the role of convection in the overall distribution of solutes can be significant. For example, cell response has been reported to be influenced by morphogen gradients across a cell as low as 1%. 36 Traditional in vitro cell culture platforms do not attempt to replicate and control this feature. Through control of the hydrostatic pressure difference across the chambers (ΔP) and the design of the microfluidic channels, our device can dictate both the temporal and spatial pattern of interstitial flow, and thus the morphogen concentration, in the cellular microenvironment. Nearly constant fluid flow conditions were maintained in the device by replacing the media volumes in the inlet/outlet ports every 24 hours.~100 μl of media was added to the inlet to compensate for a 10% reduction of volume and an equal amount of media was removed from the outlet corresponding to the increase of volume due to the fluid flow within the device over this time period. We studied two different interstitial flow configurations, the first allows communication between the chambers in series (longitudinal; homotypic cellular interactions) and the second allows for communication between the chambers in parallel (transverse; heterotypic cellular interactions). Previous studies have demonstrated that the presence of stromal cells is critical for the formation of vessel networks in vivo and in vitro. [8] [9] [10] [11] 27, 37 Our results matched well with these previous reports. In our device, significant vessel networks formed only in the conditions in which ECFC-ECs were exposed to soluble mediators released by NHLFs. This occurred in conditions were the two cell types were in close proximity as well as when they relied on interstitial flowmediated communication while they were in physically separate microenvironments. These results validate the biological relevance of the device design. While our studies have demonstrated the utility of our platform, we believe there are potentially broad diagnostic and therapeutic applications. For instance, the platform may be used to investigate the role of microenvironmental-derived paracrine factors in stem cell pluripotency, differentiation, and growth. 38 Similarly, one could investigate the role of heterotypic or homotypic cell communication on tumor growth and vascularization within the complex tumor microenvironment.
Conclusions
Our results demonstrate the utility of a novel microfluidic device that may be used to investigate homotypic and heterotypic cell-cell communication patterns in biologically relevant 3D microenvironments. In particular, we have shown the unique ability to investigate the role of paracrine signaling, which is modulated through the control of interstitial flow. A model of vasculogenesis was used to validate the device, but the system has the potential to be used as a broad tool for scientific discovery. The device provides flexibility and reproducibility in a controlled environment, and can allow for high-throughput screening, which may be useful for drug discovery. 
